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Abstract 
Parabolic trough collectors are so far the most successful and mature concentrating solar power technology on the market. Recent 
development towards higher performance and significant cost reductions leads to further improvements in competitiveness. 
FLABEG GmbH started its development of the ULTIMATE TROUGH® (UT) collector in 2010, jointly with sbp sonne gmbh, 
and with scientific support from the German Aerospace Center (DLR) and Fraunhofer Institute for Material Flow and Logistics 
(FhG-IML). With the successful installation of an indoor prototype in 2011, the assembly concept and optical performance was 
validated. In the second half of 2012, a demonstration loop consisting of two collectors with 3,400 m² total aperture area, has 
been assembled and integrated into a commercial plant in the US. The loop is in operation since January 2013. 
The present paper presents the first experiences and especially the very promising performance results of the demonstration loop. 
Cost savings and related reduction of levelized costs of electricity (LCOE) are illustrated. 
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Nomenclature 
UT  Ultimate Trough® collector 
ET  Eurotrough collector 
SCA  Solar collector assembly 
SCE  Solar collector element 
DNI   Direct normal irradiance [W/m²] 
DHI  Diffuse horizontal irradiance [W/m²] 
GHI  Global horizontal irradiance [W/m²] 
ηloop,th  Thermal efficiency of the collector 
ηopt  Optical efficiency of the collector 
ηopt,0°  Optical efficiency of the collector at perpendicular irradiance 
ρ0  Reflectivity of the clean mirrors 
τ0  Transmissivity of the receiver glass envelope 
α0  Absorptivity of the receiver absorber coating 
γ0  Intercept factor 
γalign,track  Intercept loss due to misalignment of the SCE’s and due to imperfect tracking 
γ0,HCE  Intercept loss due to misalignment of the HCE’s 
cf  Cleanliness factor of the mirrors and receivers 
Θ  Solar incidence angle (Θ=0° is perpendicular to the aperture area) 
IAM(Θ)  Incidence Angle Modifier 
UHTF(Tinlet,loop) Density of HTF at the loop inlet (i.e. at the location of the flow meters) [kg/m³] 
Cp(Tm)   Heat capacity of HTF at mean loop temperature Tm [J/(kg∙K)] 
ሶ   Volume flow [m³/s], as measured at the loop inlet 
Tinlet, Toutlet Measured HTF temperatures at inlet/outlet of the loop 
Aap,loop  Net aperture area of the loop 
ap_corr  Aperture correction factor to consider broken mirrors 
Pth,losses,loop Total thermal losses of the loop [W] 
1. Introduction 
FLABEG GmbH started its development of the ULTIMATE TROUGH® (UT) collector in 2010, jointly with sbp 
sonne gmbh, and with scientific support from the German Aerospace Center (DLR) and Fraunhofer Institute for 
Material Flow and Logistics (FhG-IML). The innovations of the new collector design have been presented before [1, 
2, 3], and within the present SolarPACES conference [5]. Shortly summarized the highlights are: 
 x Steel structure with torque box design, due to highest torque and bending stiffness with economic use of 
material, and lower wind resistance coefficient compared to a torque tube design; x Innovative joining method “clinching” used for torque box assembly, saving more than 50% of bolts and nuts 
in the solar field, allowing simultaneously the tension free assembly of the box frames with high variance; x A wind release gap between the inner and outer mirror, reducing wind loads up to 30%; x No mirror gap across the pylons, as the center of gravity and rotation is below the mirror surface; x New and innovative joining method for the steel structure / mirror connection, allowing high variance and 
thereby a tension free mirror junction; x A cost effective and precise patented alignment procedure for the assembly of collector elements in the 
field; x World largest collector element (24 m x 7.5 m) respectively collector assembly (247 m x 7.5 m), showing a 
peak optical efficiency of 82.7% (thereof an intercept factor of 99.2%, including sun shape as well as tracking 
and alignment errors [4]). 
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2. Description of the Ultimate Trough® demonstration loop 
Since January 2013, the demonstration loop is in operation as a solar field extension of a commercial solar 
thermal power plant in the US. Some details of the assembly work are described in [5]. The loop consists of two 
solar collector assemblies (SCAs), each consisting of ten (10) collector elements (SCEs). The total net aperture area 
is 3378 m². Fig. 1 shows the test loop in operation. 
 
 
Fig. 1: Picture of the Ultimate Trough® demonstration loop 
The test loop is adequately equipped with measurement instruments in order to evaluate the performance: 
 x Three temperature sensors (RTD type, class A) at the inlet and outlet of each collector; x Two flow meters at the inlet of the loop; x Three pressure sensors at the inlet and outlet of the loop. 
 
A meteo station, erected near the demonstration loop, is equipped with one pyrheliometer (measurement of DNI), 
two pyranometers (for GHI and DHI measurement and indirect DNI calculation), all mounted on a two-axis solar 
tracker, wind speed anemometer in 10 m height, and a wind direction sensor. 
 
Fig. 2 shows the process and instrumentation diagram of the demonstration loop. 
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Fig. 2: Process and Instrumentation Diagram of the Ultimate Trough demonstration loop 
3. Performance of the Ultimate Trough® demonstration loop 
3.1. Method of evaluation 
The performance (solar-to-thermal efficiency) of the Ultimate Trough® collector is evaluated by measurements 
following the recommendation given in the “Performance acceptance test guidelines for utility-scale parabolic 
trough plants”, published by NREL [6]. The efficiency is calculated according to the following formula: 
 
ߟ௟௢௢௣ǡ௠௘௔௦ ൌ ఘಹ೅ಷ൫்೔೙೗೐೟ǡ೗೚೚೛൯ή௏
ሶ ή௖೛ሺ ೘்ሻήሺ்೔೙೗೐೟ି்೚ೠ೟೗೐೟ሻ
஽ேூή௖௢௦ሺ௵ሻή஺ೌ೛ǡ೗೚೚೛  (1) 
 
Theoretically, the loop performance is modeled according to the following equations: 
ߟ௅௢௢௣ǡ௧௛ ൌ ߟ௢௣௧ െ ௉೟೓ǡ೗೚ೞೞ೐ೞǡ೗೚೚೛Ȁ஺ೌ೛ǡ೗೚೚೛஽ேூή௖௢௦ሺ௵ሻ  (2) 
 
with 
ߟ௢௣௧ ൌ ߟ௢௣௧ǡ଴ι ή ܫܣܯሺ߆ሻ (3)
 
and 
ߟ௢௣௧ǡ଴ι ൌ ߩ଴ ή ߬଴ ή ߙ଴ ή ߛ଴ ή ߛ௔௟௜௚௡Ǥ௧௥௔௖௞ ή ߛ଴ǡு஼ா ή ݂ܿ (4)
 
For calculation of the thermal heat losses, the Forristal model is used [7]. 
In the equations above, each parameter is known or can be easily measured – within acceptable uncertainty – 
apart from the Incidence Angle Modifier (IAM) and the alignment and tracking accuracy factor ߛ௔௟௜௚௡Ǥ௧௥௔௖௞. For 
example, the optical parameters contained in equation (4) are given by the sub-suppliers of the components. All sub-
suppliers of the key components are certified companies, and have reliable quality assurance departments. The 
intercept factor J0 has been measured by a third party at the Ultimate Trough® prototype collector, as described in 
[5]. 
The IAM factor and alignment and tracking accuracy factor were initially estimated according to experiences 
gained from the Eurotrough collector, and will be iteratively adapted to match the measured loop performance data. 
 K. Riffelmann et al. /  Energy Procedia  49 ( 2014 )  1831 – 1839 1835
3.2. First performance test results 
After commissioning of the demonstration loop in January/February 2013, the first performance has been 
evaluated from measurements and compared to the theoretical model results, using the initial (estimated) IAM and 
alignment/tracking factor. In the diagrams in Fig. 3, the measured thermal efficiency of the UT loop (blue line) is 
shown, as well as the theoretical (modeled) curve (blue dotted line) and for reference the theoretical curve of the 
Eurotrough collector (red dotted line). 
The deviations between modeled and measured performance in the morning and evening hours are due to delayed 
startup in the morning until the sun has reached a certain elevation, due to mass flow changes during startup, and 
due to shading of the collectors through other collectors and the wind fence. On the 13th of August, the collectors 
were taken out of sun-tracking for a short period of time at around 10am. 
 
 
 
 
 
Fig. 3: First performance test results of the Ultimate Trough(R) demonstration loop, one day per month evaluated from February – May. 
From these days, the “newIAM” factor has been derived, such that the measured loop efficiency matches the 
theoretical, as shown in Fig. 4. Up to now, the range of 5° – 43° is covered. The range between 0° – 5° will be added 
from the data available in June, angles of incidence higher than 43° will be added in the winter season. The final 
determination of the IAM factor will be based on measurements from all operating days of the test loop. 
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Fig. 4: Evaluation of the “new IAM” factor, based on first test loop data (February – May 2013). 
The “tracking and alignment factor” has not been adapted so far. Once performance data of one complete year is 
available, the IAM factor will be revised and – if necessary – also the alignment/tracking factor will be iteratively 
adapted. 
4. Yearly performance calculations for an Ultimate Trough® solar field 
Based on the first performance test results, an initial set of input parameters describing the optical properties of 
the Ultimate Trough® collector within the SAM1 model was derived. Fig. 5 shows a screenshot of the according 
input parameter sheet. 
 
 
1 SAM: System Advisor Model, published by NREL (https://sam.nrel.gov/) 
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Fig. 5: Screenshot of Ultimate Trough(R) input parameter set for SAM 
As mentioned in the section before, the coefficients of the IAM factor are preliminary, as they are based on a 
relatively short measurement period (February – May 2013) only. Once performance data of one complete year is 
available, the IAM factor will be revised and – if necessary – also the alignment/tracking factor will be iteratively 
adapted. 
 
With the SAM parameters given above, annual performance calculations of sample configurations can be 
performed and compared to other collectors. For example, for an “Andasol-like configuration” with 50 MW rated 
capacity and 8 full load hours of storage, located at Granada, Spain, the annual net electricity output for both 
configurations below is 158.3 GWh for the Eurotrough, and 160.0 GWh with the Ultimate Trough collector field. 
Note that the Ultimate Trough solar field is 9% smaller. 
 
The ET collector was simulated with an IAM as shown in Fig. 4. The intercept factor is 0.97 and the tracking and 
alignment error is 0.9782. Both values were derived at the SKAL-ET test loop that was operated in the US a few 
years ago. 
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Table 1. Eurotrough/Ultimate Trough solar field comparison. Both configurations have the same annual output. 
 Eurotrough Ultimate Trough Ratio UT/ET 
Aperture width 5.77 m 7.51 m 130% 
SCE length 12 m 24.5 m 204 % 
SCEs per SCA 12 10 83 % 
SCA length 147.8 m 246.7 m 167 % 
Aperture area / SCA 817.5 m² 1,716 m² 210 % 
Solar field aperture 510,120 m² 466,731 m² 91 % 
Capacity (gross), 8 hours storage 50 MW 50 MW 100 % 
Annual net electricity 158.3 GWh 160.0 GWh 101 % 
Number of Loops 156 68 44 % 
Number of SCEs 7488 2720 36 % 
Number of Drives, Sensors, Controls 624 272 44 % 
Number of pylon foundations 8,112 2,992 37 % 
Number of swivel joint assemblies 1,248 544 44 % 
Number of cross over pipes 156 68 44 % 
 
In the lower part of the table above, the numbers of typical parts within the solar fields are listed. A significant 
reduction of parts can be observed within the Ultimate Trough solar field, with related cost savings. Additional cost 
savings are related to the header piping (piping, HTF volume, valves) and commissioning (e.g. only 272 drive 
pylons need to be commissioned instead of 624). Fig.6 shows that the header piping with the Ultimate Trough 
collector field is significantly more economic, 25% HTF volume is saved. 
 
 
 
Fig. 6: Solar field layout for a typical configuration in Spain (50 MW, 8 hours storage) with Eurotrough (left) and Ultimate Trough (right) 
Based on offers for the most significant parts of a solar field (metal support structure, heat collection elements, 
mirrors, assembly work of collector elements and field assembly) and on engineering cost estimates for other parts, 
the Ultimate Trough solar field is around 23% less costly. With this cost reduction, the levelized cost of electricity is 
decreased by about 11%. 
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